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INTRODUCTION 
The high-energy  heavy-ion ( H Z E )  component  of g a l a c t i c  cosmic r a y s  is expec ted  
t o  become of major r a d i o b i o l o g i c a l  s i g n i f i c a n c e  i n  f u t u r e  manned s p a c e  f l i g h t s .  I n  
the  approaching  era of career as t ronau t s  and  space workers,  it is e x p e c t e d  t h a t  low-  
i n t e n s i t y  HZE particle exposure  w i l l  accumulate t o  b i o l o g i c a l l y  s i g n i f i c a n t  l e v e l s  
f o r  t h e  f i r s t  time i n  t h e  h i s t o r y  of t h e  space program.  Analyses of s e l f - s h i e l d i n g  
f a c t o r s ,  as w e l l  as de te rmina t ions  of personal  and  bulk  sh ie ld  requi rements ,  requi re  
an   accura te   heavy- ion   t ranspor t   theory  as inpu t .  The l a t te r ,  i n   t u r n ,   r e q u i r e s   a c c u -  
rate i n t e r a c t i o n  cross s e c t i o n s  as its inpu t .  
I n  p r e v i o u s  work (refs. 1 t o  10 )  , a comprehens ive  nuc lear  in te rac t ion  theory  
capable of d e s c r i b i n g  HZE par t ic le  abso rp t ion ,  to ta l ,  and  abras ion  cross s e c t i o n s  h a s  
been developed for  use as i n p u t  i n t o  a t r anspor t  t heo ry  unde r  concur ren t  deve lopmen t  
( r e f s .  11 and   12 ) .   In   t he   p re sen t  report, t h i s  HZE i n t e r a c t i o n   t h e o r y  is used t o  
g e n e r a t e  e x t e n s i v e  tables of heavy- ion  c ross  sec t ions  a t  inc iden t  ene rg ie s  be tween  
25 MeV/nucleon and 22.5 GeV/nucleon,  which are of i n t e r e s t  i n  cosmic-ray shielding 
s t u d i e s .  As s u c h ,   t h i s  work represents   an   improved   and   updated   vers ion   of   the   o r ig i -  
n a l  t a b l e s  p r e s e n t e d  i n  r e f e r e n c e  3. Comparisons  with  avai lable   experimental   data  
f o r  n u c l e u s - n u c l e u s  c o l l i s i o n s  are a l s o  made. 
SYMBOLS 
nuc lea r  mass number 
parameter  in  harmonic  w e l l  f unc t ion ,  f m  
ave rage  s lope  parameter of  nuc leon-nucleon  sca t te r ing  ampl i tude ,  f m  
p r o j e c t i l e  i m p a c t  p a r a m e t e r  v e c t o r ,  fm 
a v e r a g e  c o r r e l a t i o n  f u n c t i o n  
Woods-Saxon s u r f a c e  d i f f u s e n e s s ,  fm 
project i le  l abora to ry  ene rgy  per u n i t  mass, GeV/nucleon 
two-nucleon k i n e t i c  e n e r g y  i n  t h e i r  c e n t e r  of mass frame, GeV 
i m a g i n a r y  p a r t  o f  e i k o n a l  p h a s e  s h i f t  f u n c t i o n  
p r o j e c t i l e  momentum v e c t o r  r e l a t i v e  t o  t a r g e t ,  fm-l 
Fermi momentum wave number, fm-’ 
nucleon mass, kg 
r a d i u s  a t  ha l f -dens i ty ,  fm 
2 
R e  x(c) real  par t  of e i k o n a l   p h a s e   s h i f t   f u n c t i o n  
r’ p o s i t i o n   v e c t o r ,  fm 
r 
S d e f i n e d   i n   e q u a t i o n  ( 1  2 )  
P proton  root-mean-square  charge  radius,  fm 
t s k i n   t h i c k n e s s ,  fm 
N 
t average   two-nucleon   t rans i t ion   ampl i tude ,  MeV 
U ( 2 )  r e d u c e d   p o t e n t i a l ,  MeV2 
W (2) o p t i c a l   p o t e n t i a l   ( d e f i n e d   i n   e q .  ( 5 )  1, MeV 
-b r e l a t i v e   p o s i t i o n   v e c t o r  of p r o j e c t i l e  (X + + +  = b + 2 )  I f m  
3 
X 
two-nucleon r e l a t i v e  p o s i t i o n  v e c t o r ,  f m  
2 
+ p o s i t i o n  v e c t o r  o f  p r o j e c t i l e  i n  beam d i r e c t i o n ,  fm 
B d e f i n e d   i n   e q u a t i o n  ( 1  6)  
Y harmonic w e l l  d i s t r i b u t i o n   p a r a m e t e r  (see eq. (IO) ) 
+ 
5,  
P n u c l e a r   d e n s i t y ,  fm-3 
c o l l e c t i o n  of c o n s t i t u e n t  r e l a t i v e  c o o r d i n a t e s  f o r  t a r g e t ,  f m  
PO 
norma l i za t ion  cons t an t  i n  equa t ions  ( 1  0 )  and ( I  3 )  , fm-3 
d e )  ave rage   nuc leon-nuc leon   t o t a l   c ros s   ec t ion ,  mb 
‘abs heavy- ion  abso rp t ion  c ros s  sec t ion ,  mb 
‘to t h e a v y - i o n  t o t a l  c r o s s  s e c t i o n ,  mb 
x(& e i k o n a l   p h a s e   s h i f t   f u n c t i o n  
Subsc r ip t s :  
A mat te r  
C charge 
n neut ron  
P p r o j e c t i l e  
2 
P proton 
T t a r g e t  
Abbreviat ions:  
Hw harmonic w e l l  
HZE high-energy  heavy-ion 
ws Woods-Saxon 
Arrows over  symbols  ind ica te  vec tors .  
THEORETICAL DEVELOPMENT 
From e i k o n a l  s c a t t e r i n g  t h e o r y ,  t h e  c o l l i s i o n  t o t a l  a n d  a b s o r p t i o n  c r o s s  sec- 
t i o n s  are given by 
m 
G = 4.i {l - exp[-Im ~ ( b ) ]  cos[Re   x(b)   1 )b   db  -+ + t o t  
and 
r m  
{I - exp[-2 I m  X(b) 1)b db -+ abs  
where  the  complex  phase  funct ion,   in  terms of t h e   r e d u c e d   p o t e n t i a l  U is 
For  composi te  par t ic le  scat ter  
dz 
ng, the r e d u c e d  p o t e n t i a l  is w r i t t e n  as 
where m is the   nuc leon  mass, Ap is the nuclear  mass number of t h e   p r o j e c t i l e ,   a n d  
AT i s  the   nuc lea r  mass number  of t h e   t a r g e t .  From r e f e r e n c e s  7 and 8, the   nuc leus-  
n u c l e u s  o p t i c a l  p o t e n t i a l  i n c l u d i n g  P a u l i  c o r r e l a t i o n  e f f e c t s  is  
3 
"d 
I n   e q u a t i o n  (S), t is the const i tuent-averaged  energy-dependent  two-body t r a n -  
s i t i o n  a m p l i t u d e  
a n d  t h e  c o r r e l a t i o n  f u n c t i o n  is t aken  t o  be 
2 2  
C ( y )  = 0.25 exp( ,o ,) - +  "kF Y 
For the a n a l y s e s  of this work, t h e  Fermi momentum is  assumed to  be t h a t  o f  i n f i n i t e  
matter, kF  = 1.36 fm-'. 
Nuc lea r  Dens i ty  Di s t r ibu t ions  
The c o r r e c t   n u c l e a r   d e n s i t y   d i s t r i b u t i o n s  p .  ( j  = P , T )  t o   u s e   i n   e q u a t i o n  ( 5 )  
a re  the  nuc lear  ground s t a t e ,  s i n g l e - p a r t i c l e  numher d e n s i t i e s  f o r  t h e  c o l l i s i o n  
pair .  S ince   t hese  are no t   expe r imen ta l ly  known, t h e  number d e n s i t i e s  are o b t a i n e d  
f r o m  t h e i r  e x p e r i m e n t a l  c h a r g e  d e n s i t y  d i s t r i b u t i o n s  by assuming 
( r ' )  p ( r + r I )  d r 3+ t 
+. + +  
A 
where pc i s  t h e   n u c l e a r   c h a r g e   d i s t r i b u t i o n ,  is  t h e  p r o t o n  c h a r g e  d i s t r i h u -  
t i on ,   and  pA i s  t h e   d e s i r e d   n u c l e a r   s i n g l e - p a r t l c l e   d e n s i t y .  All d e n s i t y   d i s t r i b u -  
t i o n s  i n  e q u a t i o n  (8)  are no rma l i zed   t o   un i ty .  The p r o t o n   c h a r g e   d i s t r i b u t i o n  is 
t a k e n  t o  be the usual  Gaussian form 
PP 
where r = 0.87 fm ( r e f .   1 3 )  i s  the  proton  root-mean-square  charge  radius .  P 
For  nuc le i  l igh ter  than  neon ( A  < 20)  , t h e  n u c l e a r  c h a r g e  d i s t r i b u t i o n  is the 
harmonic w e l l  (HW) form  given by ( r e f .   1 4 )  
4 
I 
where po is t h e   n o r m a l i z a t i o n   c o n s t a n t ,  r is t h e  radial  coord ina te ,  and a and 
y are charge  parameters .   Values   for  a and y, used   he re in ,  are l i s t e d   i n   t a b l e  1. 
S u b s t i t u t i n g   e q u a t i o n s  ( 9 )  and (10)  i n t o   e q u a t i o n  (8) y i e l d s   ( r e f .   7 )  
where 
2 r  
4 6 
2 
s 2 = - ” -  a P ( 1  2) 
For neon and heavier nuclei  ( A  > 2 0 )  t h e  n u c l e a r  c h a r g e  d i s t r i b u t i o n  is taken to  
be t h e  Woods-Saxon (WS) form given by r e f e r e n c e  4 
where R is t h e   r a d i u s  a t  h a l f - d e n s i t y ,   a n d   t h e   d i f f u s e n e s s  c is relate1 
n u c l e a r   s k i n   t h i c k n e s s  t through 
c = -  t 
4.4 
d t o  t h e  
Va lues   fo r  R and t, used   here in ,  are listed i n   t a b l e  1 .  Most values  are taken 
f rom  re ference   14 .   Inser t ing   equat ions  ( 9 )  a n d   ( 1 3 )   i n t o   e q u a t i o n  (8)  y i e l d s   a f t e r  
some s i m p l i f i c a t i o n   ( r e f .  4 ) ,  a number d e n s i t y  pA which i s  of t h e  WS form (see 
eq. (13)  ) w i t h   t h e  same R, b u t   d i f f e r e n t   o v e r a l l   n o r m a l i z a t i o n   f a c t o r  po and 
s u r f a c e   t h i c k n e s s .  The la t ter  is g iven  by 
where 
w i t h  tc d e n o t i n g   t h e   c h a r g e   s k i n   t h i c k n e s s   o b t a i n e d  by using  equat ion  (141,   f rom 
t h e  c h a r g e  d i s t r i b u t i o n  s u r f a c e  d i f f u s e n e s s  v a l u e s  l i s t e d  i n  r e f e r e n c e  14. 
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Nucleon-Nucleon S c a t t e r i n g  Parameters 
The nuc leon-nuc leon   s ca t t e r ing   pa rame te r s  a (e )  , a(e) ,  and B ( e )  u s e d   i n   t h e  
energy-dependent two-body t r a n s i t i o n  a m p l i t u d e  (eq. ( 6 ) )  are ob ta ined  by  performing a 
s p l i n e  i n t e r p o l a t i o n  of va lues  t aken  f rom va r ious  compi l a t ions  ( r e f s .  15  th rough  19).  
The r e s u l t s  are d i s p l a y e d  i n  f i g u r e s  1 through 6 as a func t ion  o f  i nc iden t  ene rgy .  
No  cu rves  fo r  neu t ron -neu t ron  sca t t e r ing  parameters are d i s p l a y e d ,  s i n c e  l i t t l e  o r  n o  
e x p e r i m e n t a l  d a t a  e x i s t  f o r  t h e s e  c o l l i s i o n s .  For   computat ional   purposes ,  it is 
assumed tha t  t he  neu t ron -neu t ron  parameters are a d e q u a t e l y  r e p r e s e n t e d  by t h e  p r o t o n -  
p ro ton   s ca t t e r ing   pa rame te r s   fo r   each   ene rgy   cons ide red .   A l though   t h i s   a s sumpt ion  
may be v a l i d  f o r  h i g h  e n e r g i e s ,  it p o s s i b l y  c o n t r i b u t e s  t o  some of  the  d i sag reemen t  
between  theory  and  experiment a t  low e n e r g i e s  ( < l o 0  MeV/nucleon).   Finally,  details 
of the  cons t i tuent -averaging  of  equat ion  (6)  are g i v e n  i n  r e f e r e n c e  3. 
HEAVY-ION COLLISION  RESULTS 
Us ing  the  fo rma l i sm desc r ibed  in  the  p rev ious  sec t ions ,  t o t a l  and  abso rp t ion  
c r o s s  s e c t i o n s  f o r  selected heavy ions  wi th  var ious  ta rge t  nuc le i  have  been  ca lcu-  
l a t e d .  The r e s u l t s  are g i v e n   i n  tables 2 t o  23. The p r o j e c t i l e  and t a r g e t   n u c l e i  
were s e l e c t e d  f o r  t h e i r  a p p l i c a b i l i t y  t o  c o s m i c - r a y  s h i e l d i n g  s t u d i e s  and f o r  t h e i r  
a v a i l a b i l i t y  a t  h e a v y - i o n  a c c e l e r a t o r  f a c i l i t i e s .  No s i g n i f i c a n t  e r r o r s  are expec ted  
f o r  v a l u e s  o b t a i n e d  by i n t e r p o l a t i n g  b e t w e e n  t h e  t a r g e t  mass numbers of nuclei d i s -  
p layed   in   the   t ab les .   Compar isons   be tween  these   theore t ica l   p red ic t ions   and   the  
l imited number  of a v a i l a b l e  e x p e r i m e n t a l  r e s u l t s  ( r e f s .  20 through  26) are d i s p l a y e d  
i n  f i g u r e s  7 t o  10. The agreement a t  h i g h e r   e n e r g i e s  i s  e x c e l l e n t  ( w i t h i n  3 pe r -  
c e n t )  . For  low e n e r g i e s  ( -25  MeV/nucleon) , where  the  va l id i ty  of  the  e ikonal  approx-  
imat ion  i s  q u e s t i o n a b l e ,   t h e   d i s c r e p a n c y   i n c r e a s e s   t o  -20 pe rcen t .  A t  the h i g h e r  
energies ,  the major  sources  of  disagreement  are p o s s i b l e  u n c e r t a i n t i e s  i n  t h e  e x p e r i -  
men ta l   s ca t t e r ing   and   cha rge   d i s t r ibu t ion   pa rame te r s .   Add i t iona l   sou rces   o f   e r ro r  
a t  low ene rg ie s  inc lude  the  neg lec t  o f  o f f - she l l  and  many-body e f f e c t s  ( r e f .  271, as 
w e l l  as t h e  q u e s t i o n a b l e  v a l i d i t y  o f  t h e  e i k o n a l  f o r m a l i s m  i t s e l f .  
CONCLUDING REMARKS 
Ex tens ive  t ab le s  o f  heavy- ion  to t a l  and  abso rp t ion  c ros s  sec t ions  fo r  u se  in  
cosmic-ray shielding s tudies  have been generated over  a broad range of  energies .  
Comparisons  between some o f  t he  ca l cu la t ed  c ros s  sec t ions  and  the  l imi t ed  amount o f  
expe r imen ta l  da t a  show s u b s t a n t i a l  a g r e e m e n t  ( w i t h i n  3 p e r c e n t )  a t  h i g h e r  e n e r g i e s .  
For  low energies   ( -25  MeV/nucleon) ,   where  the  val idi ty   of   the   e ikonal   approximation 
i s  q u e s t i o n a b l e ,   t h e   d i s c r e p a n c y   i n c r e a s e s   t o  -20 percent .   Clear ly ,   however ,   addi-  
t i o n a l  e x p e r i m e n t a l  d a t a  are needed a t  a l l  d i s p l a y e d  e n e r g i e s .  
Langley Research Center 
Nat ional  Aeronaut ics  and Space Adminis t ra t ion 
Hampton, VA 23665 
February  15,  1983 
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TABLE 5 .  - LITHIUM-NUCLEUS  ABSORPTION  CROSS  ECTION 










































































































































































































































































































































































TABLE 6. - BERYLLIUM-NUCLEUS  TOTAL CROSS SECTION 
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